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Background: Long non-coding RNAs (IncRNAs) have been reported as key regulators in
chronic obstructive pulmonary disease (COPD). However, the precise role of LINC00612
remains unclear.

Methods: The real-time quantitative polymerase chain reaction (RT-qPCR) was used to
quantify the expression levels of LINC00612, miR-31-5p, and Notch homolog 1 (Notchl) in
lung tissues and cells. Under a cigarette smoke extract (CSE) stimulation condition, the
apoptosis was analyzed by flow cytometry assay. Caspase-3 activity was examined with
a caspase-3 activity assay kit; besides, inflammation and oxidative stress were assessed by
measuring interleukin-6, tumor necrosis factor-o, glutathione/oxidized glutathione, reactive
oxygen species, malondialdehyde, and superoxide dismutase activity. The interaction rela-
tionship between miR-31-5p and LINC00612 or Notchl was predicted by bioinformatics
databases, while dual-luciferase reporter, RNA immunoprecipitation, and RNA pull-down
assays were performed to confirm prediction. Eventually, the related protein expression was
estimated with western blot assay.

Results: LINC00612 was downregulated in COPD tissues when compared with controls.
Consistently, CSE inhibited LINC00612 expression in HPMECs with a dose/time-dependent
method. Gain-of-function experiments indicated that the upregulation of LINC00612 could
repress cell apoptosis, inflammation, and oxidative stress in HPMECs induced by CSE. In
addition, miR-31-5p was negatively regulated by LINC00612 in HPMECs treated with CSE.
The overexpression of miR-31-5p could abolish LINC00612-induced effects on HPMECs
exposed to CSE. Importantly, LINC00612 could weaken CSE-induced cell apoptosis, inflamma-
tion, and oxidative stress in HPMECs by regulating the miR-31-5p/Notch1 signaling pathway.
Conclusion: Current findings suggest that CSE-mediated cell apoptosis, inflammation, and
oxidative stress in HPMECs were abolished by upregulation of LINC00612. Furthermore,
the LINC00612/miR-31-5p/Notchl axis may represent a novel regulator of apoptosis,
inflammation, and oxidative stress of HPMECs, which may be a potential therapeutic target
for COPD in the future.
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Introduction

Chronic obstructive pulmonary disease (COPD), a type of pulmonary disease involving
the respiratory system, is a common reason for death all over the world." According to
the prediction by the World Health Organization, COPD will remain a challenge for
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clinicians in the future.”> COPD is characterized by airflow
limitation and chronic inflammation, leading to persistent
airflow restriction and destruction of lung parenchyma.’ In
addition, the pathogenesis of COPD has not been investi-
gated thoroughly. Epithelial to mesenchyme transition,*
autophagy,” inflammation,® cell apoptosis, and oxidative
stress’ were reported as significant factors contributing to
the destruction of pulmonary tissue in COPD. Therefore, it is
meaningful to identify the molecular mechanism of COPD.

Long non-coding RNAs (IncRNAs) are non-coding
RNAs ~200 nucleotides in the length.® In previous studies,
IncRNAs were widely concerned on account of their
important function in human diseases.” LINC00612,
a non-coding RNA, was decreased in acute myocardial
infarction.'® In addition, Miao et al revealed that
LINCO00612 was significantly increased in bladder cancer
samples when compared with controls, revealing that
LINC00612 might be carcinostatic in bladder cancer.'
Interestingly, Qian et al analyzed and identified dysregu-
lated genes in smoking patients with COPD disease,
including LINC00612, and results indicated the diagnostic
value of LINC00612 in COPD."”

Furthermore, microRNAs (miRNAs) are a class of
small non-coding RNAs regulating gene expression by
binding to target mRNAs."* As post-transcriptional regu-
lators of gene expression, miRNAs play a critical role in
numerous biological behaviors.'* Abnormal expression of
miR-31 was found in a variety of cancers, and its function
has been described as carcinostatic factors in oral squa-
mous cell carcinoma,'” colorectal cancer,'® and lung
cancer.'” Interestingly, a systematic analysis showed that
miR-31 could act as a reliable biomarker for lung cancer
diagnostics.'®

In addition, Notch homolog 1 (Notchl) was a member
of receptor proteins (Notch1—Notch 4) in the Notch signal-
ing pathway involved in cell growth, differentiation, sur-
vival, and apoptosis of diverse cell types.'® Importantly,
downregulation of the Notch signaling was reported to be
associated with smoking and COPD.?® Therefore, the
function of Notchl was investigated in this study.

Based on the above findings, IncRNAs have emerged
as crucial biomarkers and regulators in many cancers.
Therefore, IncRNA biomarkers in COPD urgently need
to be investigated in regard to function and regulatory
mechanisms. Moreover, we hypothesized that the associa-
tion relationship among LINC00612, miR-31-5p, and
Notchl existed in COPD.

Materials and Methods

Patient Specimens

The clinical samples of lung tissue were collected from
Chengdu Second People’s Hospital from 2015 to 2019,
including NS: non-smokers (n=10), SM: smokers (n=10),
and smokers with COPD (n=22). Collection and use of
samples were authorized by the Ethics Committee of
Chengdu Second People’s Hospital. The removed tissue
samples were stored at —80 °C for subsequent study. The
written informed consent was offered from each partici-
pant, and it was conducted in accordance with the
Declaration of Helsinki.

Cell Lines

Human pulmonary microvascular endothelial cells
(HPMECs) were acquired from the Chinese Academy of
Sciences (Beijing, China). HPMECs were cultured in
a humidified atmosphere containing 5% CO, at 37 °C in
Dulbecco’s modified Eagle medium (DMEM; GIBCO
BRL, Grand Island, NY, USA) medium. In addition, 10%
(v/v) fetal bovine serum (FBS; GIBCO BRL) and 1%
penicillin/streptomycin (GIBCO BRL) were added to
DMEM. To establish an in vitro model for COPD,
HPMECs were incubated with 2.5% cigarette smoke
extract (CSE; Murty Pharmaceuticals, Lexington, KY,
USA) for different times or treated with increasing doses
of CSE for 24 h.

RNA Isolation and Real-Time
Quantitative Polymerase Chain Reaction
(RT-gPCR)

Total RNA was isolated from samples or cells using TRIzol
reagent (Invitrogen, Carlsbad, CA, USA) following the man-
ufacturer’s instructions. Concentration and integrity of total
RNA were tested under Nanodrop 2000c (Thermo Fisher
Scientific, Carlsbad, CA, USA). Complementary DNA
(cDNA) was synthesized using a reverse transcription kit
(Takara, Dalian, China) or All-in-One miRNA cDNA
Synthesis Kit (Invitrogen), with isolated RNA as the tem-
plate. Afterward, SYBR Premix Ex Taq II (Takara) was used
to quantify the expression level of RNA under the CFX96™
Real-Time PCR Detection System (Bio-Rad, Hercules, CA,
USA) with the 272" method. The expression levels of
LINCO00612 and Notchl were standardized to glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH), while small
nuclear RNA U6 was regarded as the internal control for
miR-31-5p.
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The primers were presented:

LINCO00612 (sense, 5-GGCAGAGCCATGTGTTGGA
TA-3'; antisense, 5'-GTGCTCCCTAATGGCTCACA-3");

miR-31-5p (sense, 5'-GCCGAGAGGCAAGATGCTG
-3’; antisense, 5'-CTCAACTGGTGTCGTGGA-3");

Notchl (sense, 5-GAGGCGTGGCAGACTATGC-3;
antisense, 5'-CTTGTACTCCGTCAGCGTGA-3");

GAPDH (sense, 5'-TCCCATCACCATCTTCCAGG-3';
antisense, 5'-GATGACCCTTTTGGCTCCC-3');

U6 (sense, 5'-AACGCTTCACGAATTTGCGT-3'; anti-
sense, 5'-CTCGCTTCGGCAGCACA-3").

Transfection Assay

miR-31-5p mimic (miR-31-5p), miR-NC, miR-31-5p inhibi-
tor (anti-miR-31-5p), and anti-NC were acquired from
Biossci Company (Wuhan, China). Small interfering RNA
(siRNA) objecting LINC00612 (si-LINC00612: sense,
5'-AUCUUUCAAGCUAUUUCACAA3'; antisense, 5'-
GUGAAAUAGCUUGAAAGAUCU-3'), siRNA scrambled
control (si-NC: sense, 5-UUCUAAGAAGCGGUCACGU
TT-3'; antisense, 5-ACGACACAUAGUCGGUUAATT
-3"), and LINCO00612-overexpression vector (LINC00612)
were synthesized by RiboBio Corporation (Guangzhou,
China). For transfection assay, HPMECs were seeded in 24-
well plates at the density of approximately 1x10° cells/well.
After 48 h of incubation, HPMECs were transfected with the
40 nM of the above-mentioned oligonucleotides or 1 pg of
plasmids with Lipofectamine 2000 reagent (Invitrogen)
referring to the supplier’s recommendations.

Flow Cytometer Assay
The (FITC)
Apoptosis Analysis Kit I (KeyGen, Nanjing, China) was

Annexin  V—fluorescein isothiocyanate
used for apoptosis assay. HPMECs were collected by trypsin
and then washed three times with ice-cold phosphate saline
buffer (PBS). Then, 100 pL of cell suspension (1x10%mL)
was added into a tube and incubated with 5 pLL of propidium
iodide (PI) and 5 pL of FITC Annexin V in dark conditions.
After incubation for 30 min, stained cells were monitored and
analyzed by flow cytometry (Applied Biosystems, Foster
City, CA, USA) and Flowjo V10 software, respectively.

Caspase-3 Activity Assay

The caspase-3 activity assay was assessed by the enzyme-
linked immunosorbent assay (ELISA) kit (Sigma, St. Louis,
MO, USA) as described by Wu et al.?! After incubation for
48 h, HPMECs were treated with 2 mM MPP+ for 48 h. After

that, cell lysates were collected by centrifuging at

10,000 xg for 1 min. The caspase-specific peptide conjugated
with the color molecule pNA was added to lysates from each
sample and then incubated for 1 h at 37 °C to measure
protease activity. The wavelength of samples was read at
405 nm under a microplate reader (Thermo Fisher
Scientific). The bicinchoninic acid (BCA) protein assay (Bio-
Rad) was used to quantify the protein level.

ELISA Assay for Interleukin-6 (IL-6),
Tumor Necrosis Factor-o (TNF-a),
Glutathione (GSH), and Oxidized
Glutathione (GSSG)

Cell media were collected from wells and then centrifuged
at low speed to remove cell debris. The levels of IL-6 and
TNF-o were analyzed with the IL-6 kit and TNF-a kit
(Beyotime, Shanghai, China), respectively. In addition,
cells were collected and then lysed in lysis buffer. The
GSH and GSSG Assay kit (Beyotime) was used to quan-
tify GSH content and GSSG content according to the
manufacturer’s protocol.

Measurement of Reactive Oxygen Species
(ROS), Malondialdehyde (MDA) Level,
and Superoxide Dismutase (SOD)
Activity

The ROS Fluorescent Probe kit (Solarbio, Beijing, China)
was used to measure intracellular ROS generation. Briefly,
cells were lysed and subjected to BCA protein assay. Then,
20 uM of 2',7'-dichlorofluorescein diacetate (DCFDA) was
added into cell lysates at 37 °C for 1 h. After washing by PBS
and then high-centrifuging, the fluorescence intensity was
detected by microplate reader (Applied Biosystems; excita-
tion: 488 nm wavelength and emission: 525 nm wavelength).
Furthermore, the activities of SOD and the level of MDA
intracellularly were assessed using SOD and MDA assay kits
(Solarbio) referring to the manufacturer’s instruction.

Dual-Luciferase Reporter Assay

Targeting sites between LINC00612 and miR-31-5p were
presented by bioinformatics database miRcode (http://www.
mircode.org/). Starbase (http://starbase.sysu.edu.cn/) was used

to predict binding sites between miR-31-5p and Notchl.
Additionally, the fragment sequence of LINC00612 and
Notchl 3'UTR were cloned into the Dual-Luciferase
miRNA Target Expression Vector (Promega, Madison, WI,
USA), named as LINCO00612-wt and Notchl 3'UTR-wt,
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respectively. Mutations of miR-31-5p-binding sites in
LINCO00612 and Notchl 3'UTR were produced by the Mut
Express Il Fast Mutagenesis Kit (Vazyme, Nanjing, China)
and then cloned into vector, named as LINC00612-mut and
Notchl 3'UTR-mut, respectively. HPMECs were seeded in
24-well plates (5x10* cells/well) and incubated overnight,
then co-transfected with indicated vector and miR-31-5p
mimic or control. After 48 h, luciferase activity was measured
and normalized to Renilla luciferase activity with the Dual-
Luciferase Reporter Assay System (Promega).

RNA Immunoprecipitation (RIP) and
RNA Pull-Down Assays

RIP assay was conducted as described by Chen et al.** The
Imprint® RNA immunoprecipitation kit (Sigma) was used for
RIP assay in compliance with recommendations. Antibodies
used in the RIP assay were bought from Millipore (Billerica,
MA, USA), including Argonaute-2 (Ago2; Millipore) or IgG
(Millipore) antibodies. Furthermore, HPMECs were trans-
fected with bio-miR-31-5p-wt, bio-miR-31-5p-mut, or bio-
miR-NC (RiboBio) at a final concentration of 50 nM for 48
h before harvest. Cell lysates were treated with streptavidin-
coated magnetic beads overnight at 4 °C. After centrifugation
at 10,000xg for 10 min, RNA complexes bound to the beads
were extracted for RT-qPCR assay.

Western Blot Assay
The assay (RIPA) buffer
(Beyotime) was used to lyse cells or tissues. Samples of

radio-immunoprecipitation

extracted protein were separated on 10% sodium dodecyl
sulfate—polyacrylamide gel electrophoresis and electroblotted
to nitrocellulose filter membranes (Millipore). Membranes
were immersed in 5% non-fat milk for 2 h prior to incubation
with the primary antibodies, including Notchl (ab8925;
1:1000 dilution; Abcam, Cambridge, MA, USA), Hesl
(ab108937; 1:1000 dilution; Abcam), Hey2 (ab86010;
1:1000 dilution; Abcam), B-cell lymphoma-2 (Bcl-2;
#4223S; 1:1000 dilution; Cell Signaling Technology,
Danvers, MA, USA), or Bcl-2-Associated X (Bax; #5023S;
1:1000 dilution; Cell Signaling Technology), with GAPDH
(ab181602; 1:2500 dilution; Abcam) as control. Horseradish
peroxidase-conjugated secondary antibodies (ab150077;
1:1000 dilution; Abcam) were added to membranes at
a dilution ratio of 1:4000, and then incubated for 1 h. The
antibody binding was visualized using the Clarity™ Western
ECL Substrate Kit (Bio-Rad) under the Bio-Rad ChemiDoc
MP system (Bio-Rad).

Statistical Analysis

The data were exhibited as mean+tstandard deviation, and all
statistical analyses were conducted with GraphPad Prism 7
(GraphPad, La Jolla, CA, USA). Student’s ¢-test or one-way
analysis of variance was used to assess the statistical analysis
in two treatment groups or multiple groups, respectively.
P value less than 0.05 meant a significant difference.
Associations between miR-31-5p and LINC00612 or
Notchl expression were analyzed using Pearson’s correlation
analysis in COPD tissues.

Results
LINCO00612 Was Downregulated in
COPD Tissues and HPMECs Exposed to

CSE

Initially, the results of the RT-qPCR data suggested that
LINCO00612 was lower in lung tissues from smokers when
compared with non-smokers, and smokers with COPD
showed the lowest expression level of LINC00612 in all
groups (Figure 1A). Furthermore, when HPMECs were
treated with 2.5% CSE for indicated times, LINC00612
was reduced in HPMECs with a time-dependent method
(Figure 1B). Surely, treatment with CSE induced the
downregulation of LINC00612 in HPMECs with a dose-
dependent method (Figure 1C). Therefore, LINC00612
played a critical role in the development of COPD.

CSE-Induced Effects on Apoptosis,
Inflammation, and Oxidative Stress in
HPMECs Were Weakened by

Overexpression of LINCO00612

Based on the above results, HPMECs treated with 2.5%
CSE for 24 h were used for an in vitro model for COPD. To
figure out the potential role of LINC00612 in COPD, over-
expression of LINC00612 in HPMECs was conducted by
transfection with LINC00612 into HPMECs. As shown in
Figure 2A, LINC00612 was upregulated in HPMEC:s trans-
fected with LINC00612 when compared with the control
group. In addition, treatment with 2.5% CSE induced cell
apoptosis, which was mitigated by overexpression of
LINCO00612 in HPMECs (Figure 2B). Consistently, CSE-
induced enhancement of caspase-3 activity was abolished in
HPMEC:s by the upregulation of LINC00612 (Figure 2C).
Moreover, the increased levels of IL-6 and TNF-o in
HPMECs induced by CSE were abolished by treatment
with LINC00612 (Figure 2D and E). ROS production and
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Figure | The expression level of LINC00612 in lung tissues and HPMECs exposed to CSE. (A) RT-qPCR assay was applied to measure the expression level of LINC00612 in
lung tissues (NS: non-smokers, n=10, SM: smokers, n=10, and smokers with COPD, n=22). (B, C) The expression level of LINC00612 was assessed by RT-qPCR assay in
HPMECs exposed to 2.5% CSE for indicated times or treated with CSE at different concentrations for 24 h. Data shown are mean+SD and from three independent

experiments. *P<0.05.

MDA level were increased in HPMECs after treatment with
2.5% CSE, which was overturned by overexpression of
LINCO00612 (Figure 2F and G). We also noticed that CSE
induced the downregulation of SOD activity and the GSH/
GSSG ratio was reversed by overexpression of LINC00612
in HPMEC:s (Figure 2H and I). All results suggested that the
upregulation of LINC00612 inhibited CSE-induced apop-
tosis, inflammation, and oxidative stress in HPMECs, indi-
cating the critical role of LINC00612 in the development of
COPD.

miR-31-5p Was a Target of LINC00612 in

HPMECs

As it had been confirmed that LINC00612 played a critical
role in the development of COPD, the possible target gene of
LINC00612 was searched by bioinformatics tools. As
shown in Figure 3A, we identified LINC00612 within the
complementary sequence in miR-31-5p. We also found that
miR-31-5p was overexpressed in HPMECs after transfection
with miR-31-5p mimic (Figure 3B). Afterward, dual-
luciferase reporter assay suggested that miR-31-5p mimic
could inhibit the luciferase signal of LINC00612-wt when
compared with the control group, while the luciferase signal
of LINC00612-mut was not affected by miR-31-5p mimic in
HPMECs (Figure 3C). By performing the RIP assay, we
noticed that LINC00612 and miR-31-5p were enriched in
the Ago2 group compared with the IgG group, indicating
that LINC00612 and miR-31-5p could bind to Ago2 protein
(Figure 3D). In addition, LINC00612 was increased in the
bio-miR-31-5p-wt group when compared with the bio-miR
-31-5p-mut group and control group, which indicated that

miR-31-5p could interact with LINC00612 in HPMECs
(Figure 3E). As displayed in Figure 3F, LINC00612 was
decreased in HPMECs after silencing of LINC00612.
Furthermore, miR-31-5p was overexpressed in HPMECs
after knockdown of LINCO00612, while upregulation of
LINCO00612 repressed miR-31-5p expression, suggesting
miR-31-5p was negatively regulated by LINC00612 in
HPMECs (Figure 3G). Importantly, miR-31-5p was upregu-
lated in COPD tissues and HPMECs exposed to 2.5% CSE
for 24 h when compared with matched control groups
(Figure 3H-I). Eventually, Pearson’s correlation analysis
revealed a negative correlation relationship between
LINC00612 and miR-31-5p in COPD tissues (Figure 3J).
Interestingly, silencing of miR-31-5p abolished 2.5% CSE-
induced effects on HPMECs (Supplementary Figure 1).

Conclusively, miR-31-5p might play a key role in apoptosis,
inflammation, and oxidative stress in HPMECs treated with
CSE, and miR-31-5p was a direct target gene of LINC00612
in HPMECs treated with CSE.

Upregulation of miR-31-5p Abolished
LINCO006 1 2-Induced Effects in HPMECs
Exposed to CSE

To further confirm the association between miR-31-5p and
LINCO00612 in HPMECs exposed to CSE, the overexpression
vector of LINC00612 and miR-31-5p mimic were used. As
shown in Figure 4A, overexpression of LINC00612 induced
a reduction in apoptosis in HPMECs exposed to CSE, which
was abolished by miR-31-5p overexpression. Overexpression
of LINC00612 overturned the CSE-induced enhancement
effect on caspase-3 activity, which was reversed by the
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percentage of apoptotic cells was shown by flow cytometry assay in HPMEC:s. (C) The caspase-3 assay kit was used to examine the caspase-3 activity in HPMECs. (D-E) The
expression levels of IL-6 and TNF-a were assessed by ELISA kits in supernatant. (F-I) The oxidative stress was analyzed in HPMECs by measuring ROS production, MDA
level, SOD activity, and GSH/GSSG ratio with colorimetric assay kits. Data shown are mean+SD and from three independent experiments. *P<0.05.

upregulation of miR-31-5p in HPMECs (Figure 4B).
Moreover, the upregulation of miR-31-5p overturned the
decrease of IL-6 and TNF-o in HPMECs treated with CSE
induced by overexpression of LINC00612 (Figure 4C and D).
ELISA indicated that overexpression of miR-31-5p could res-
cue the ROS and MDA decrease induced by LINC00612
overexpression in CSE-induced HPMECs (Figure 4E and F).
Transfection with LINC00612 into HPMECs weakened the
inhibitory effects on SOD activity and the GSH/GSSG ratio in
HPMECs caused by CSE, which was overturned by co-
transfection with miR-31-5p mimic (Figure 4G and H). In
summary, the LINC00612/miR-31-5p axis regulated apopto-
sis, inflammation, and oxidative stress in CSE-induced

HPMECs, suggesting the application value of LINCO00
612miR-31-5p in COPD.

miR-31-5p Regulated Notch| Expression
in HPMECs Exposed to CSE

By performing bioinformatics analysis, binding regions
between miR-31-5p and 3'UTR of Notchl are displayed in
Figure 5A. Using dual-luciferase reporter assay, we found
that miR-31-5p mimic inhibited luciferase activity of Notchl
3'UTR-wt instead of Notch1 3'UTR-mut, implying that miR-
31-5p could directly interact with the predicted binding sites
of 3'UTR of Notchl (Figure 5B). Additionally, miR-31-5p
was decreased in HPMECs treated with anti-miR-31-5p
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Figure 3 miR-31-5p was upregulated in COPD tissues and was a target of LINC00612. (A) LINC00612 had the complementary sequence in miR-31-5p by bioinformatics
analysis. (B) Transfection efficiency of miR-31-5p was assessed by RT-qPCR assay in HPMECs, with miR-NC as control. (C) The relative luciferase activity was analyzed by
dual-luciferase reporter assay in HPMECs co-transfected with miR-31-5p mimic or miR-NC and indicated luciferase reporter vectors. (D) The enrichments of LINC00612
and miR-31-5p were detected by RT-qPCR assay after RIP assay. (E) The biotinylated bio-miR-3[-5p-wt or bio-miR-31-5p-mut was transfected into HPMECs for RNA pull-
down assay, with bio-miR-NC as control. (F, G) RT-qPCR assay was used to quantify the expression levels of LINC00612 and miR-31-5p in HPMEC:s transfected with si-NC,
si-LINCO006 12, vector, or LINC00612. (H, I) The expression level of miR-31-5p was estimated by RT-qPCR assay in lung tissues (NS: non-smokers, n=10, SM: smokers, n=10,
and smokers with COPD, n=22) and HPMECs exposed to 2.5% CSE for 24 h. (J) The relationship between LINC006 12 and miR-3|-5p was analyzed by Pearson’s correlation
analysis in COPD tissues. Data shown are meantSD and from three independent experiments. *P<0.05.

compared with the anti-NC group (Figure 5C). We also
noticed that overexpression of miR-31-5p repressed Notchl
expression in HPMECs, and Notchl was increased in
HPMECs after silencing of miR-31-5p (Figure 5D).
Importantly, Notch]l was decreased in COPD tissues com-
pared with other groups (Figure 5E). Consistently, CSE
induced the downregulation of Notchl in HPMECs by wes-
tern blot assay (Figure S5F). Moreover, Notchl was nega-
tively related to miR-31-5p expression in COPD tissues
(Figure 5G). Synthetically, Notchl was a target of miR-31-
5p in HPMECs, and it was downregulated in COPD tissues
and HPMECs exposed to CSE.

Notch Signaling Pathway Was Regulated
by the LINCO006 12/miR-31-5p Axis

Firstly, overexpression of Notchl abolished 2.5% CSE-
induced effects on HPMECs (Supplementary Figure 2),

which implied that Notchl regulated apoptosis, inflammation,
and oxidative stress in HPMECs exposed to CSE. In addition,
western blot assay suggested that suppression effects on the
Notch signaling pathway by decreasing Notchl, Hesl, and
Hey2 expression induced by CSE were weakened by over-
expression of LINC00612, while co-transfection with miR-31-
5p counteracted LINC00612-induced effects (Figure 6A-D).
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Figure 5 Notch| was a target of miR-31-5p in HPMECs. (A) Binding region between miR-31-5p and 3'UTR of Notchl, as well as mutated nucleotides of Notch| 3'UTR are
shown. (B) Dual-luciferase reporter assay was carried out to examine the luciferase activity in HPMECs. (C) RT-qPCR assay was used to show the expression level of miR-
31-5p in HPMEC:s transfected with anti-miR-31-5p or anti-NC. (D) The protein expression level of Notch| was measured by western blot assay in HPMECs transfected with
anti-miR-31-5p, anti-NC, miR-NC, or miR-31-5p. (E, F) RT-qPCR and western blot assays were conducted to assess Notchl levels in tissues (NS: non-smokers, n=10, SM:

smokers, n=10, and smokers with COPD, n=22) and HPMECs exposed to 2.5% C

SE. (G) The relationship between miR-31-5p and Notch| was analyzed by Pearson’s

correlation analysis in COPD tissues. Data shown are mean+SD and from three independent experiments. *P<0.05.

We also assessed apoptosis-related protein expression in CSE-
induced HPMECs. Bcl-2 was decreased while Bax was
increased in CSE-induced HPMECs, which was abrogated
by transfection with LINCO00612; besides, LINC00612-

induced effects on Bcl-2 and Bax expression were overturned
by upregulation of miR-31-5p (Figure 6E and F). Therefore,
the LINC00612/miR-31-5p/Notchl1 axis might regulate COPD
development by regulation of the Notch signaling pathway.
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Figure 6 The expression levels of Notch signaling pathway-related proteins in CSE-induced HPMECs. (A—F) HPMECs were treated with vector+miR-NC, 2.5% CSE+vector
+miR-NC, 2.5% CSE+LINCO00612+miR-NC, or 2.5% CSE+LINCO00612+miR-31-5p. (A) The representative pictures of western blot assay are presented. (B—F) The protein
expression levels of Notchl, Hesl, Hey2, Bcl-2, and Bax were quantified by western blot assay in CSE-induced HPMECs. Data shown are mean+SD and from three

independent experiments. *P<0.05.

Discussion

A large number of research studies had shown the close
relationship between cigarette smoke and the development
of COPD.**** As a common inducement for COPD, cigarette
smoke could induce apoptosis, inflammatory response, and
oxidative stress of endothelial cells, which aggravates lung
injury.*>2® Consistent with previous reports, our research
indicated that CSE- induced apoptosis of HPMECs with
a dose/time-dependent method. Analogously, Chen et al also
revealed that CSE induced apoptosis of vascular endothelial
cells dose-dependently and time-dependently, which could
lead to lung injury.?’

studies the several
functions of IncRNAs in human diseases, and interactions
of miIRNA-mRNA-IncRNA might play a key role in treating

Recently, research displayed

COPD."? Currently, LINC00612 was significantly decreased
in COPD tissues and CSE-treated HPMECs when compared
with matched control groups. The following experiments
exactly elucidated the upregulation of LINC00612-inhibited
cell apoptosis, inflammation, and oxidative stress in
HPMEC:s induced by CSE, indicating the potential therapeu-
tic value of LINCO00612 in COPD. Mechanistically,
LINCO00612 abolished CSE-induced endothelial cell apopto-
sis, inflammation, and oxidative stress by mediating the miR-
31-5p/Notchl axis in HPMECs. Bioinformatics analysis and
dual-luciferase report assays manifested that miR-31-5p was
a direct target of LINC00612. The rescue experiments sug-
gested that LINC00612 was involved in CSE-induced effects
of HPMECs, which contributed to the regulation of miR-31-
5p. We also found miR-31-5p was upregulated in HPMECs
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after treatment with CSE. Consistently, Xi et al revealed that
CSE notably reinforced the miR-31 level in normal respira-
tory epithelia and lung cancer cells when compared with
controls.?® Furthermore, the knockdown of miR-31-5p abol-
ished CSE-induced effects on HPMECs.

Importantly, Notch signaling modulated the inflamma-
tory response through multiple mechanisms. Inflammatory
response and immune dysfunction were associated with
the development of COPD.? Coincidentally, Notch signal-
ing regulated and participated in the differentiation of
T lymphocytes.*® Not surprisingly, Notch signaling played
a significant role in asthma, allergic pulmonary inflamma-
tion, and other lung diseases.’'** Paul et al confirmed
a novel regulatory signal path by which nuclear transcrip-
tion factor 2 depended on the regulation of Notchl signal-

level.*3

ing to control the intracellular oxidation
Additionally, Notchl has been shown to protect multiple
cells against apoptosis, including epithelial cells.**
According to the analysis results of western blot assay,
the expression levels of Notchl, Hes1, and Hey2 in CSE-
induced HPMECs were obviously lower than those in the
control group, and then greatly enhanced after transfection
with LINCO00612, while miR-31-5p mimic weakened the
effects of LINC00612 in CSE-induced HPMECs. All data
demonstrated that the expression of Notchl might be cor-
related with LINC00612 and miR-31-5p in CSE-induced
HPMECs.

Currently, overexpression of LINCO00612 markedly
inhibits apoptosis, inflammation, and oxidative stress in
HPMECs caused by CSE. The present study revealed
that the LINCO00612/miR-31-5p/Notchl axis could be
a key regulator of apoptosis, inflammation, and oxidative
stress in HPMECs induced by CSE, which provided a new

perspective to the function of LINC00612 in COPD.

Conclusion

In summary, we revealed the function of LINC00612 in
COPD, which could regulate cell apoptosis, inflammation,
and oxidative stress in HPMECs exposed to CSE by tar-
miR-31-5p/Notchl that
LINCO00612 could function as a potential biomarker and
treatment target for COPD in the future.

geting  the axis, indicating
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